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METHODS OF INDUCING GENE EXPRESSION 



PCT/EP02/10889 



The present invention relates to the field of molecular biology, in particular to the regulation 
of gene expression by gene silencing. The technology has wide applications including 
developing therapeutic methods for treating diseases and expressing desired products in 
agricultural crops. 

BACKGROUND OF THE INVENTION 

Posttranscriptional gene silencing (PTGS) is an epigenetic form of mRNA degradation 
important in the defense of plants against virus infection and widely used as a tool for 
inactivating gene expression (Kooter et al., 1999; Fire, 1999; Vance and Vaucheret, 2001). 
PTGS can arise spontaneously in transgenic plants and can be induced systemically by the 
local introduction of additional gene copies. Earlier studies have established that transgenes 
likely to generate double-stranded RNAs (dsRNAs) efficiently promote PTGS in plants 
(Hamilton et al., 1998; Waterhouse et al M 1998; Smith et al., 2000; Chuang and Meyerowitz, 
2000; Sijen et al., 2001); and, that dsRNAs delivered into cereal cells can block gene 
expression, which is limited to the target cell (Schweizer et al., 2000). 

First discovered in plants, it is now recognized that PTGS or the closely related 
phenomenon, RNA interference (RNAi), occurs in many organisms including Neurospora 
crassa, Trypanosoma brucei, Caenorhabditis elegans, Drosophila, mouse and humans 
(Elbashir, S.M., Harborth, J., Lendeckel, W., Yalcin, A., Weber, K., and Tuschl, T. (2001). 
Duplexes of 21 -nucleotide RNAs mediate RNA interference in cultured mammalian cells. Nature 
411, 494-498; Fire, 1999; Fagard and Vaucheret, 2000a; Kooter et al., 1999; Meins, 2000; 
Sharp, 2001). The identification of homologous genes essential for both RNAi and PTGS in 
Arabidopsis, N. crassa, and C. elegans suggests a common, highly conserved, underlying 
mechanism (Catalanotto et al., 2000; Cogoni and Macino, 2000; Fagard et al., 2000). 

PTGS in plants and animals is associated with production of small sense and antisense 
RNAs (smRNAs) representing regions of the silenced genes (Hamilton and Bauicombe, 
1999; Zamore et al., 2000; Hutvagner et al., 2000). Double-stranded smRNAs target RNAs 
for degradation in Drosophila-embryo extracts (Elbashir et al., 2001) and can trigger PTGS 
when introduced into cultured mammalian cells (Elbashir et al., 2001). Similalry, RNAi in 
animals is mediated by double-stranded RNAs (dsRNAs) that undergo endonucleolytic 
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cleavage to generate small sense and antisense RNAs (smRNA) 21 to 23 nucleotides in 
length, which then promote RNA degradation (Tuschl et al., 1999; Zamore et al., 2000; 
Elbashir et al., 2001). Inhibition of the expression of a nucleotide sequence mediated by 
dsRNA interference is described in WO 99/32619, WO 99/53050 or WO 99/61631 . 

5 

In the last few years, advances in nucleic acid chemistry and gene transfer have inspired 
new approaches to engineer specific inhibition of gene expression. However, specific 
induction of expression is also a desirable objective, which has up until now generally been 
achieved with varying degrees of effectiveness by administering costly or toxic chemical 

10 compounds. Jepson et al. (1998) reviews various chemical-inducible gene expression 
systems for plants and further describe the desirable properties of an inducible expression 
system. Repression of gene expression using the let repressor-operator system and its use 
for specific induction of gene expression with tetracycline has also been described previously 
(Gatz et al., 1991). Nevertheless, there is still a need for methods allowing one to induce 

15 gene expression effectively and predictably, in a cost-effective manner, and this invention 
meets that need. 
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SUMMARY OF THE INVENTION 

The present invention addresses the need for methods to induce gene expression 
reproducibly and predictably in a cell. The present invention provides methods to regulate 
gene expression in eukaryotic cells, in particular by inducing stable and persistent expression 
of a desired gene. According to the present invention, a method is provided for inducing 
expression of a nucleic acid by providing a first nucleic acid comprising a sequence of 
interest operabiy linked to a repressible promoter; and decreasing the level of a repressor 
acting on the repressible promoter by using nucleic acid-mediated silencing of a second 
nucleic acid that controls expression of or encodes the repressor, to a level that allows 
expression of the first nucleic acid. In one embodiment the second nucleic acid controls 
expression of the repressor, whereas in an alternative embodiment the second nucleic acid 
encodes the repressor. 

The repressible promoter can be one that is functional in a plant cell or a mammalian cell 
depending on the desired objective. 
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The nucleic acid-mediated silencing will typically take place in a cell and can be mediated by 
introducing additional copies of a transgene into the cell, in particular into a plant cell. 
Alternatively, the nucleic acid-mediated silencing can be mediated by single-stranded or 
double-stranded ribonucleic acids. The ribonucleic acid is typically at least 20 nucleotides in 
5 length, at least 50, at least 1 00, at least 300 nucleotides in length or longer. 

The repressor may be selected by the practitioner to obtain the desired goal, such as using 
repressors functional in mammalian systems to attain induction of gene expression in 
mammalian cells. The repressor may be selected from the group consisting of tetracycline 
10 repressor, the lad repressor, Catharanthus roseus G-box binding factors 1 and 2, Drosophila 
Groucho or Kruepple , KAP-1, NcoR, SMRT, retinoblastoma proteins and KRAB domain 
proteins. 

The first nucleic acid may be any nucleic acid, which it is desired to induce expression, 
15 including agriculturally relevant genes in crops, genes preferably obtained or derived from 
plants, or therapeutics in mammalian cells. The first nucleic acid can encode a sequence 
endogenous to the cell or exogenous to the cell, such as markers useful as research tools for 
identifying plants or cells exhibiting silencing or for screening mutants. 

20 In another aspect of the invention, the method further comprises providing the first nucleic 
acid in a cell; providing an inducible promoter operably linked to the coding sequence of the 
repressor in the cell; providing a down-regulatable promoter operably linked to the coding 
sequence of the repressor in the cell; and administering an effective amount of inducer to 
allow expression of the repressor. The inducer can be, for example, a chemical, a pathogen 

25 infection or, in particular for plant cells, the inducer can be selected from the group consisting 
of heat, light, cold stress, UV light and ozone. In a further aspect, the method comprises 
administering an inhibitor that down-regulates the down-regulatable promoter. Alternatively, a 
tissue specific promoter could be used to achieve the ability to switch on or off the 
expression of the first nucleic acid. 

30 

In a further embodiment, a plant cell comprising a TET R repressible promoter operably linked 
to a p-glucuronidase gene is provided, as well as a plant comprising the plant cell, progeny 
or seeds thereof. 



35 
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FIGURE LEGENDS 



Figure 1 . Cartoons illustrating how expression of a TET* repressible TX-GUS reporter gene 
(A) can be restored by treatment with anhydrotetracycline (aTc) (B), and by silencing of a 
5 35S-TET R transgene. Elliptical symbols represent proteins. Representative examples of 
untreated (D) and 15 ug/ml aTc-treated (E) Nt TET^GUS plants stained for GUS 2 days later. 

Figure 2. (A) The incidence of GUS expression in a Nt TET n GUS transformant bombarded 
with 35S TET* plasmids and RNA molecules representing the TET B transcribed region. 

10 Plantlets (12 days old wrth one true leaf) were bombarded with 5-10 ug of nucleic acid and 
stained for GUS ca. 12 days later. The incidence of GUS expression is shown as % plants 
showing blue GUS staining obtained in at least 3 independent experiments for the number of 
plants indicated in parenthesis. The sense- and antisense-smRNAs represent positions 517- 
537 and 535-514 of the transcribed region, respectively. Double stranded smRNA was 

1 5 obtained by spontaneous annealing of the single-stranded smRN As at room temperature. 
The promoter (open bar), 3'- and 5'-UTR (cross hatched bars), coding region (solid bar with 
arrows showing orientation) are indicated for the DNA constructs. The length and orientation 
(solid arrows) of RNA molecules are indicated. Positions are relative to 5'-end of the RNA. 
(B) The incidence of silencing of 35S-GFP in a Nb GFP transformant bombarded with 35S- 

20 GFP plasmids and RNA molecules representing the GFP transcribed region. The conditions 
are the same as in (A). The sense- and antisense-smRNAs represent positions 556-576 and 
574-553 of the transcribed region, respectively. The double-stranded smRNA with 
mismatches at 6 of 19 positions represents a transcribed region of a related sGFP gene 
(Sheen el al., 1995). 



25 



DETAILED DESCRIPTION OF THE INVENTION 



Posttranscriptional gene silencing (PTGS) in plants is an epigenetic form of RNA degradation 
with mechanistic and genetic links to PTGS and RNA interference (RNAi) in fung. and 

30 animals. The present inventors have developed a system for inducing gene expression 
based on the silencing of a repressor. Large sense, antisense, and double-stranded RNAs 
as well as shorted, 21-22 nucleotide-long, double-stranded RNAs (smRNA) delivered into 
cells are shown in the Examples below to induce expression of a desired gene in a manner 
that allows the spreading of expression from cell to cell and, in plants, systemic spreading. 

35 Thus, self-sustaining production of smRNAs is shown to be sufficient to maintain expression 
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In its broadest aspect, the present invention therefore provides a method of inducing 
expression of a nucleic acid by providing a first nucleic acid comprising a sequence of 
5 interest operably linked to a repressible promoter; and decreasing the level of a repressor 
acting on the repressible promoter by using nucleic acid-mediated silencing of a second 
nucleic acid to a level that allows expression of the first nucleic acid. The second nucleic acid 
can control expression of the repressor (such as, being a regulatory region affecting 
expression of the repressor) or can encode the repressor. 

10 

By "induced expression" it is meant that an increase in the amount of a product of gene 
expression (RNA or protein) is seen, which is larger than the margin of error inherent in the 
measurement technique, preferably an increase by about 2-fold or greater of the expression 
in a control cell, more preferably an increase by about 5-fold or greater, and most preferably 
1 5 an increase by about 1 0-fold or greater is seen, "Expression" refers to the transcription 
and/or translation of a nucleotide sequence, for example an endogenous gene or a 
heterologous gene, in a cell. Expression may therefore refer to transcription only. 

The first nucleic acid may be any nucleic acid, for which it is desired to induce expression. 

20 The first nucleic acid can encode a sequence heterologous to the cell, such as markers 
useful as research tools for identifying plants or cells exhibiting silencing or for screening 
mutants. A heterologous DNA Sequence is a sequence not naturally associated with a host 
cell into which it is introduced. Choices for a non-endogenous (heterologous) marker gene 
include without limitation luciferase, green fluorescent protein (GFP), or beta-glucuronidase 

25 (GUS). Assay methods for each of these markers have been described (Ishitani et al. (1 997) 
Plant Cell, 9:1 935-1 949; Cutler et al. (2000) Proc. Natl. Acad. Sci. USA 97: 371 8-3723; 
Jefferson et al. (1989) EMBOJ., 6:3901- 3907). 

Alternatively, the first nucleic acid may include agriculturally relevant genes in crops. Such 
30 genes are preferably obtained or derived from a plant, preferably from a monocotyledonous 
plant or a dicotyledonous plant. Preferably, the plants include, without limitation, corn, rice, 
wheat, soybean, cotton, sunflower, Brassica spp., canoia, tomato, potato, Solanaceae spp. 
or sugar beets. A heterologous nucleotide sequence encodes for example, but not limited to, 
a polypeptide involved in waxy starch, herbicide tolerance, resistance for bacterial, fungal, or 
35 viral disease, insect resistance, enhanced nutritional quality, improved performance in an 
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industrial process, altered reproductive capability, such as male sterility or male fertility, yield 
stability and yield enhancement. Using the present invention, such traits are reproducibly 
expressed in a plant cell during the life of the plant. Examples of endogenous nucleotide 
sequences of interest whose expression in a plant cell is altered using the present invention 
5 are found for example in WO 99/53050. An "endogenous" nucleotide sequence refers to a 
nucleotide sequence that is present in the genome of the cell. 

In yet another embodiment, the first nucleic acid may include a therapeutic useful in treating 
disorders or diseases of mammalian cells, in particular human cells. Any desired product can 
1 0 be induced in this was and may include endogenous gene products, such as growth factors, 
hormones, erythropoietin, insulin, or immunoactive proteins, such as antibodies or fragments 
thereof, or heterologous gene products, such as anti-sense RNA, therapeutic peptides and 
the like. 

1 5 The first nucleic acid containing a sequence of interest is operably linked to a repressible 
promoter. A "repressible promoter" is a promoter that is inhibited until released from a 
repressor function. Typically, this would be the binding of a repressor to the respective 
repressible promoter. A promoter comprises those sequences typically 5' to any coding 
sequences necessary to allow expression of the transcript product. These may include a 

20 TATA box and various other regulatory regions as is known in the art. The repressible 

promoter should be chosen to be functional in the host cell of interest, for example, in a plant 
cell or a mammalian cell depending on the desired objective. 

As described above, nucleic acid-mediated silencing has been observed under various 
25 conditions. The nucleic acid-mediated silencing will typically take place in a cell and can be 
mediated by introducing additional copies of a transgene into the cell, in particular into a 
plant cell. Alternatively, the nucleic acid-mediated silencing can be mediated by a single- 
stranded or double-stranded ribonucleic acid. A "double-stranded RNA" (dsRNA) comprises 
a sense RNA fragment of a nucleotide sequence and an antisense RNA fragment of the 
30 nucleotide sequence (e.g., repressor sequence), which both comprise nucleotide sequences 
complementary to one another, thereby allowing the sense and antisense RNA fragments to 
pair and form a double-stranded RNA molecule. The ds RNA can optionally comprise an 
overhang, as exemplified in the Examples below. The sequence of the dsRNA can be 
essentially the same as the promoter sequences (thus, inducing transcriptional gene 
35 silencing) or essentially the same as the coding or transcript region (inducing PTGS). 
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Preferably, the sequence is chosen to be identical to the coding or transcript region. The 
ribonucleic acid is typically at least 20 nucleotides in length, preferably at least 50, more 
preferably at least 100, most preferably at least 300 nucleotides in length or longer. 

5 The second nucleic acid can control expression of the repressor (such as, by interfering with 
a regulatory region affecting expression of the repressor) or can encode the repressor. 
Preferably, the second nucleic acid encodes the repressor. The repressor - a negative 
regulator of gene expression- may be selected by the practitioner to obtain the desired goal, 
such as using repressors functional in mammalian systems to attain induction of gene 

1 0 expression in mammalian cells and those functional in plant systems to attain induction of 
gene expression in plant cells. The repressor may be any known repressor that functions in 
the target cell, for example, a repressor selected from the group consisting of tetracycline 
repressor, the lad repressor, Catharanthus roseus G-box binding factors 1 and 2, Drosophila 
Groucho or Kruepple , KAP-1 , NCoR or SMRT (both of which have a negative regulatory 

1 5 effect on a steroid hormone receptor, e.g., estrogen receptor), specific histone deacetylases, 
retinoblastoma proteins (optionally complexed to E2F) and KRAB domain proteins, or fusions 
thereof. 

In another aspect of the invention, the method further comprises providing the first nucleic 
20 acid in a cell; providing an inducible promoter operably linked to the coding sequence of the 
repressor in the cell; providing a down-regulatable promoter operably linked to the coding 
sequence of the repressor in the cell; and administering an effective amount of inducer to 
allow expression of the repressor. The inducer can be, for example, a chemical, such as 
salicylic acid or Bion TM, a pathogen infection or, in particular for plant cells, the inducer can 
25 be selected from the group consisting of heat, light, cold stress, UV light and ozone. 
Transcription of the repressor in the presence of inducer results in silencing of both nucleic 
acids comprising the repressor sequences, resulting in expression of the sequence of 
interest (first nucleic acid). The sequence of interest is preferably present in the genome of 
the plant cell but may be present in the plant cell as an extrachromosomal molecule. The 
30 advantage of this system over conventional induction with chemicals, for example, is that 
only a very small amount of inducer is needed to initiate induction of gene expression, which 
is then propagated from cell to cell without a requirement for the further presence of inducer. 



In a further aspect, the method comprises administering an inhibitor that down-regulates the 
35 down-regulatable promoter. The inhibitor releases siliencing of the repressor gene 
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expression, thereby resulting in expression on the target gene being switched off. An 
example of such a system would be the use of the class I (3-1 ,3-glucanase promoter in plant 
cells, which is down-regulated by cytokinin, auxin and abscisic acid but up-regulated by 
ethylene. Alternatively, the inducer might be a pathogen and the inhibitor a drug, for 

5 example. The "switch" system allows the practitioner to regulate when expression of the 
target gene should occur using significantly lower quantities of inducer than previously used. 
For regulatable expression in plants, the chemically inducible PR-1 promoter from tobacco or 
Arabidopsis may be used (see, e.g., U.S. Patent No. 5,689,044). In summary, the system 
allows not only for the induction of gene expression, but of stable gene expression, that is, 

10 gene expression that can persist over the lifetime of the organism. 

In a further embodiment, a tissue specific promoter or pathogen-induced promoter, for 
example, is used to induce gene silencing and achieve the ability to switch on or off the 
expression of the first nucleic acid of interest. For example, selected promoters will express 

15 transgenes in specific cell types (such as, without limitation, neurons or adipocytes in animal 
systems, or leaf epidermal cells, mesophyll cells or root cortex cells in plant systems). 
Similarly, promoters can be selected for expression in specific tissues or organs (e.g., liver- 
specific, mammary gland-specific, prostate-specific or lymphoid-specific expression or, in 
plants, expression specific in roots, leaves or flowers, for example) The selection will reflect 

20 the desired location of accumulation of the gene product. 

In another embodiment of the invention, a screening assay for compounds capable of 
inducing gene expression of the first nucleic acid can be envisioned. For example, the 
method described above can be used to discover new inducers or down-regulators affecting 
25 nucleic-acid mediated gene silencing and to identify genes regulating gene silencing. A 
chemical is applied to the host cell, such as transgenic plant, plant tissue, plant seeds or 
plant cells and to control cells and expression of the first nucleic acid of interest is 
determined after application of the chemical and compared. 

30 To carry out the methods of the invention, nucleic acids will have been introduced into host 
cells. Methods of introducing nucleic acids into host cells, as well as producing cell lines, 
plant lines or transgenic animals, are well known to those of skill in the art. Ribonucleic acids 
that are introduced into cells may include naturally occurring or synthetic or artificial 
nucleotides. Such modified nucleic acids may be more resistant to degradation and can be 

35 used advantageously in the methods of the invention. 
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The present invention may also make use of plasmids, expression cassettes and viral 
vectors comprising a promoter operably linked to a transcribable nucleic acid molecule and a 
terminator, optionally with an enhancer. "Expression cassette" as used herein means a DNA 

5 sequence capable of directing expression of a particular nucleotide sequence in an 
appropriate host cell, comprising a promoter functional in the host cell into which it will be 
introduced, operatively linked to the nucleotide sequence of interest which is operatively 
linked to termination signals. It also typically comprises sequences required for proper 
translation of the nucleotide sequence. Nucleotide sequences of the present invention can 

10 be introduced and/or incorporated in animal, plant or bacterial cells using conventional 
recombinant DNA technology. 

In particular, the coding sequence of the selected gene can optionally be genetically 
engineered by altering the coding sequence for optimal expression in the species of interest 
15 as is well known in the art. Transformation techniques can include the use of Agrobacterium, 
viral infection, particle bombardment, calcium phosphate-, PEG- or liposome- mediated 
transfer, electroporation and microinjection depending on the host cell. 

Eukaryotic hosts for screening methods will include yeast, Drosophila, C.elegans and other 
20 higher organisms. Mammalian hosts will include animals of veterinary importance, as well as 
mice, rats, rabbits, dogs, cats, cattle, pigs and humans. However, in mammalian cells, gene 
silencing methods that avoid activation of or destroy the PKR pathway are preferred, for 
example using smRNAs, increasing expression of dicer to promote formation of smRNAs 
from longer substrates or co-transfecting with RNAi specific for the components of the PKR 
25 pathway (e.g., PKR, RNAseL). 

Administration to individuals or animals of pharmaceutical inducers or expression constructs 
useful in carrying out the invention may be accomplished orally or parenterally, including by 
inhalation. Methods of parenteral delivery include topical, intra-arterial (e.g. directly to the 

30 tumour), intramuscular, subcutaneous, intramedullary, intrathecal, intraventricular, 

intravenous, intraperitoneal, or intranasal administration. The compositions can contain 
suitable pharmaceutically acceptable carriers comprising excipients or stabilizers, for 
example. Further details on techniques for formulation and administration can be found in 
the latest edition of Remington's Pharmaceutical Sciences (Maack Publishing Co, Easton 

35 PA). The pharmaceutical compositions can be manufactured in substantial accordance with 
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standard manufacturing procedures known in the art. Dosages can be determined empirically 
depending on the desired effect using routine procedures known in the art. 

Although the methods of the invention can be carried out on any cell, it is particularly useful 
5 in crop plant cells, such as rice, wheat, barley, rye, corn, potato, carrot, sweet potato, sugar 
beet, bean, pea, chicory, lettuce, cabbage, cauliflower, broccoli, turnip, radish, spinach, 
asparagus, onion, garlic, eggplant, pepper, celery, carrot, squash, pumpkin, zucchini, 
cucumber, apple, pear, quince, melon, plum, cherry, peach, nectarine, apricot, strawberry, 
grape, raspberry, blackberry, pineapple, avocado, papaya, mango, banana, soybean, 
10 tobacco, tomato, sorghum and sugarcane. 

In a further embodiment, a plant cell is provided comprising a repressible promoter, such as 
the TET R repressible promoter, operably linked to a nucleic acid of interest, such as the 
marker gene, p-galactosidase, as well as a plant comprising the plant cell, progeny or seeds 
15 thereof. A "plant" refers to any plant or part of a plant at any stage of development. Therein 
are also included cuttings, cell or tissue cultures and seeds. As used in conjunction with the 
present invention, the term "plant tissue" includes, but is not limited to, whole plants, plant 
cells, plant organs, plant seeds, protoplasts, callus, cell cultures, and any groups of plant 
cells organized into structural and/or functional units. 



20 



25 



The invention will be further described by reference to the following detailed examples. 
These examples are provided for purposes of illustration only, and are not intended to be 
limiting unless otherwise specified. 



EXAMPLES 

Example 1 : Induction of reporter activity in plant cells by DNA-mediated gene silencing 

30 It has previously been reported (Voinnet et al., 1998; Palauqui and Balzergue, 1999) that 
gene silencing can be triggered by biolistic bombardment with additional copies of a resident 
transgene. The example below uses the introduction of additional copies of a resident 
transgene into a plant cell, to result in the induction of (3-glucuronidase activity. The inventors 
have developed a gene expression system based on the use of a transcriptional repressor. 

35 Tobacco plants were transformed sequentially with a chimeric gene (35S- TET R ) encoding a 
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bacteria) tetracycline repressor (TET R ) regulated by the cauliflower mosaic virus 35S RNA 
promoter (Jones et al., 1998), and then with a chimeric £ coli B-glucuronidase (GUS) 
reporter gene regulated by the TET" repressible TX promoter (Weinmann et al., 1994). 
Figure 1 A to C illustrates the principle of the assay. If TET* is highly expressed in these Nt 
5 TET* GUS transformants, then transcription of the TET R repressible target gene will be 

blocked and no GUS should be detected by histological staining. In contrast, if expression of 
the TET" gene is silenced, then the TET R repressible reporter gene will be transcribed, GUS 
will accumulate, and the cells expressing GUS will exhibit a blue coloration. 

1 0 Materials and Methods 

Transgenic Plants: The line Nt TET R GUS was obtained by Agrobacterium-mediated leaf-disc 
transformation (Horsch et al., 1988) of homozygous tobacco line R7 containing a 35S-TET R 
transgene and hygromycin-resistance marker (Jones et al., 1998) with the plasmid pTX-GUS 
carrying a GUS reporter gene regulated by a TET" repressible TX promoter and a 

15 kanamycin-resistance marker (Weinmann et al., 1994). Plants homozygous for a single TX- 
GUS T-DNA locus were obtained by selfing primary regenerates and selecting for 
kanamycin-resistant progeny. The Nb GFP line of N. benthamiana (control) carrying a 
mGFP-ER reporter gene with a 35S promoter and Nos terminator has been described 
(Voinnet et al., 1998). Plants were raised from seed in 10-cm diameter Petri dishes 

20 containing agar-solidif ied Linsmaier and Skoog medium (Linsmaier and Skoog, 1 965) at 28° 
in constant light (3000 Lux), and then grown on soil in a phytotron at 25°(16 h 12,000 Lux 
light/8 hr dark). Cells with GUS activity were detected by histological staining (Klahre and 
Chua, 1999). To confirm that GUS expression is under the control of TET R , three-week old, 
hydroponically grown, Nt TET R GUS plants were fed via roots with 15 pg/ml 

25 anhydrotetracycline (Jones et al., 1 998) for two days to inactivate the TET R and then stained 
for GUS. Low-background Nt TET R GUS transformants that showed substantial GUS activity 
only after treatment with anhydrotetracycline (Fig. 1 B, D and E) were chosen for further 
experiments to validate the assay system. 

30 Plasmid Constructs: Plasmids used for biolistic experiments were prepared by standard 
methods (Sambrook et al., 1989). Plasmid p35S-TET R is the EcoRI-W/ndlll fragment of 
pTET1 (Gatz et al., 1992) containing TET R with a 35S promoter and ocs terminator cloned 
into pBS KS (Stratagene) cut with EcoRI and Hind\\\. The truncations p35S-TET"V4i4, p35S- 
TET R 414 . 71 6, and p35S-TET R 6 io-7i6 contain the BamH\-NsH and BamH\-Nde\ fragments 

35 respectively of p35S-TET R in sense and antisense orientation as indicated in Figure 2A. 
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Plasmid p35S-GFP is pUC18 containing mGFP-ER with a 35S promoter and Nos terminator 
(Haseloff et al., 1997). The truncations p35S-GFP M i 3 and p35S-GFP 3 iMi B contain the 
BamHI-Ndel and Wdel-Sad fragments, respectively, of the mGFP-ER transcribed region 
used for in vitro transcription. 

Biolistic Bombardment and Detection of Silencing: Axenically grown plants, 12 days (7-10 
days for GFP plants) after sowing and with one true leaf, were bombarded using a biolistic 
PDS-1000/He particle gun (BioRad, Richmond, CA). The plasmids 35S- TET R or p35S-GFP 
were loaded on gold particles and were delivered to the appropriate plant at 1 100 psi 
following the manufacturer's recommendations. Silencing of TET R and GFP transgenes was 
detected, respectively, by histological staining of GUS and by visual inspection of plants 
illuminated with a 100 W "blue light" lamp Model B100-AP (UVP, Upland, CA, USA). Images 
were collected with a Powershot Pro 70 digital camera (Canon, Japan) and a Leica DMRD 
microscope (Heidelberg, Germany) equipped with a cooled CCD camera and SPOT 3.0.4 
software (Diagnostic Instruments, Sterling Heights, Ml, USA). 

The efficiency of different constructs to trigger silencing was expressed as the percentage of 
bombarded plants showing blue regions indicative of GUS activity on the bombarded leaves 
or elsewhere on the plant. Under the conditions used, blue coloration precisely reflects cells 
with GUS activity (Iglesias et al., 1994). Figure 2A shows that ca. 79% of plants bombarded 
with plasmid DNA carrying the full-length 35S- TET R gene exhibited regions of blue 
coloration. A lower incidence of GUS expression was detected with constructs containing ca. 
300 bp of 3'-transcribed region in sense as well as in antisense orientation. GUS expression 
was not detected with gold particles without DNA or with constructs containing ca. 100 bp of 
3'-transcribed region in either orientation. These results show that efficiency decreases with 
size of the transcribed region; and, that genes transcribed in both orientations are effective. 
In addition, the results show that gene silencing can be used to induce gene expression, as 
exemplified by the TET R GUS system. 

To rule out the possibility that the effects observed were a special feature of the TET R GUS 
system or plant species used, silencing activity of a plasmid expressing an unrelated green 
fluorescent protein (GFP) reporter gene can be determined in Nicotiana benthamiana 
transformed with a chimeric 35S-GFP gene (Nb GFP)(Voinnet et al., 1998). Plants are 
viewed under blue light and scored for regions showing red autofluorescence of chlorophyll 
indicative of silencing, which is masked by green fluorescence due to GFP in GFP 
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expressing tissues. Additional copies of 35S-GFP DNA introduced biolistically into Nb GFP 
7-10 days after germination triggered silencing in a sequence-specific fashion (Fig. 2B). 

Example 2 Induction of reporter activity in plant cells by RNA-mediated gene silencing 

The ability of high-molecular weight RNA to trigger silencing was tested by biolistic delivery 
of DNase-treated RNA preparations obtained by in vitro transcription. Unless otherwise 
stated or clear from the context, the methodology was essentially as described in Example 1 . 
RNA transcripts were produced with the relevant fragments of the transcribed regions (see 
Figure 2) of TET R and mGFP-ER cloned into pBS-SK- as templates and treated with DNase 
using a "Megascript" transcription kit (Ambion, Austin, TX, USA) according to the 
manufacturer's recommendations. Typical yields were 50 ug RNA using 1 ug of DNA 
template. Integrity of the transcripts was verified by agarose-gel electrophoresis under 
denaturing conditions. RNA transcripts were annealed by heating at 95° for 2 minutes, and 
slowly cooling to 37° over a period of 5 minutes. To test for RNase sensitivity, single- 
stranded or annealed RNA was precipitated with ethanol and then incubated in 40 ug/ml 
RNase A, 200 mM NaCI, 100 mM LiCI, 1 mM EDTA, 10 mM Tris buffer, pH 7.5 for 30 
minutes at 25°. 

Double stranded RNA (dsRNA) representing the entire transcribed region of the TET R gene 
gave a high ca. 75% incidence of GUS expression (Fig. 2A). Lower efficiencies were 
obtained with shorter 414- and 303-ntd long dsRNAs representing the 5'- and 3'-ends of the 
transcribed region. Table 1 shows that comparable doses of dsRNA and plasmid DNA 
expressed on a ug basis give approximately the same incidence of GUS expression. 
Together with the high, 50-fold yield of RNA product relative to DNA template obtained by in 
vitro transcription and the fact that RNA preparations were treated with DNase, it seems 
unlikely that the silencing activity of the RNA preparations is due to traces of DNA. Full- 
length sense and antisense RNAs also resulted in GUS activity, but at lower efficiencies than 
those obtained with dsRNA (Fig. 2A). The effect of single-stranded RNA, but not that of 
dsRNA was abolished by incubating the preparations with RNase A supporting the 
conclusion that single-stranded RNA can induce GUS expression and that GUS expression 
obtained with dsRNA preparations is not due to contamination with the single-stranded 
RNAs. 
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As described in Example 1 for DNA, our control data confirmed the silencing activity of RNAs 
for an unrelated green fluorescent protein (GFP) reporter gene in Nicotiana benthamiana 
transformed with a chimeric 35S-GFP gene (Nb GFP)(Voinnet et al., 1998) (see Figure 2B). 

5 Example 3 Induction of reporter activity in plant cells by short oligoribonucleotide-mediated 
gene silencing 

Reports that double-stranded smRNAs could trigger degradation of target RNAs in 
Drosophila extracts (Zamore et al., 2000; Elbashir et al.. 2001) and RNAi when introduced 
10 into cultured mammalian cells (Elbashir et al., 2001) prompted us to examine the possibility 
that these oligo-ribonucleotides might also effectively induce gene expression in our system. 
We tested chemically synthesized 21 -nucleotide sense TET R smRNA, 22-nucleotide 
antisense TET R smRNA, and double-stranded smRNA with 2-and 3-nucleotide 3'-overhangs 
essentially as described in Example 1 . 

15 

Oligo-ribonucleotides (smRNAs) representing regions of TET R (Gatz et al., 1992), mGFP-ER 
(Haseloff et al., 1997), and sGFP (Sheen et al., 1995) transcripts were purchased from 
Mycrosynth (Balgach, Switzerland). Positions of 5'- and 3'-ends relative to the 5'-end of the 
transcripts are indicated in parentheses: 
20 Sense TET R smRNA: 5"(517)-UGAUAGUAUGCCGCCAUUAUU-3'(537) SEQ ID NO:1 

Antisense TET R smRNA:5'(535)-UAAUGGCGGCAUACUAUCACUA-3'(51 4) SEQ ID NO:2 
Sense mGFP-ER smRNA: 5 , (556)-AGAACGGCAUCAAAGCCAACU-3'(576) SEQ ID NO:3 
Antisense mGFP-ER smRNA:5'(574)-UUGGCUUUGAUGCCGUUCUUUU-3'(553) SEQ ID 
NO: 4 

25 Sense sGFP smRNA:5'(193)-UUCACCUACGGCGUGCAGUGC-3'(213) SEQ ID NO: 5 

Antisense sGFP smRNA:5 , (211)-ACUGCACGCCGUAGGUGAAGGU-3'(190) SEQ ID NO:6 

Double-stranded smRNAs with 2- and 3- nucleotide 3'-overhangs were obtained by 
spontaneous annealing of mixtures of the antisense and sense oligo-ribonucleotides at room 
30 temperature. Sense and antisense oligo-deoxyribonucleotides representing the oligo- 
nucleotide sequences described above were chemically synthesized and annealed to give 
double-stranded oligomers. 



35 



Double-stranded TEI* smRNA induced substantial GUS expression (Fig. 2A). We found 
that double-stranded smRNAs were roughly as efficient as dsRNA (Example 2) on a mas; 
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basis, but ca. 30-fold less effective on a molar basis (see Table 1). No induction was 
detected with single-stranded TET* smRNAs in either orientation or with a double-stranded 
smRNA of the same length but unrelated in sequence. As described in Example 1 for DNA 
and Example 2 for longer RNA transcripts, our control data confirmed the silencing activity of 
5 smRNAs for an unrelated green fluorescent protein (GFP) reporter gene in Nicotiana 
benthamiana transformed with a chimeric 35S-GFP gene (Nb GFP)(Voinnet et al., 1998) 
(see Figure 2B). No silencing was observed using a double-stranded GFP smRNA with 
mismatches at 6 of 19 positions indicating that silencing triggered by smRNAs is highly 
sequence specific. 

10 

To determine if oligo-deoxyribonucleotides could induce GUS activity, we tested sense-, 
antisense-, and double stranded-oligodeoxyribonucleotides equivalent in sequence to the 
smRNAs shown earlier to be effective. In no case was silencing observed. 

1 5 Example 4 Gene expression does not remain localized but spreads from cell-to-cell and 
systemically 

The cell-to-cell spread of plasmid DNA- and RNA-induced GUS expression described in 
Examples 1 and 2 were monitored, as agricultural and pharmaceutical applications are 

20 potentially dependent thereon. Experiments were carried out essentially as described in the 
preceeding Examples. Twelve days after bombardment of Nt TET R GUS plants with 35S- 
TET" DNA, high-molecular weight single- and double-stranded TET R RNAs, and double- 
stranded TET R smRNAs GUS staining was confined to the bombarded leaf. Initially, staining 
was detected in groups of epidermal cells including trichomes and guard cells, but never in 

25 single epidermal cells. Later, staining appeared to spread to small groups of mesophyll 
cells, which were sometimes adjacent to small, densely stained veins. This indicates that 
using our system GUS expression in the bombarded leaf spread locally from cell to cell and 
possibly via small veins as well. 

30 GUS staining of entire plants one month after bombardment revealed that staining resulting 
from the effect of 35S- TET" DNA, single- and double-stranded TET R RNA and double- 
stranded TET R smRNA can spread systemically to the veins of non-bombarded leaves. We 
found that single-stranded, high-molecular weight transcripts generated by in vitro 
transcription can trigger systemic effects, but at a lower efficiency than dsRNAs. 



35 



PCT/EP02/10889 

WO 03/029453 

20 

Real-time monitoring of control Nb GFP plants showed that 35S-GFP DNA, double-stranded 
high molecular-weight RNA and GFP smRNA resulted in patches of silencing on bombarded 
leaves that gradually increased in size. Occasionally, silent regions were detected one day 
after bombardment. After 3-4 days the majority of bombarded leaves showed conspicuous 
regions of silencing. Systemic spread of silencing was evident in plants two weeks after 
bombardment (starting with the veins of nonbombarded leaves) and after 1 month was 
evident in nonvascular tissues. 



In summary, all of the RNA species we tested were able to elicit production of a desired gene 
product with an expression pattern that is capable of spreading into surrounding cells and 
even systemically, with potential agricultural and pharmaceutical applications. Although the 
Examples above exemplify the invention with the TET repressor and GUS reporter activity, it 
will be clear to one of ordinary skill in the art these can be easily modified to use other 
repressor systems or to obtain other gene products. Our results with the TET" system 
therefore only illustrate how silencing of repressors might serve as a mechanism for stable 
activation of gene expression. 

Example 5 Double-Stranded sIRNA Induces PTGS and the Accumulation of Newly 
Formed siRNA in Nonbombarded Leaves. 

RNA-blot hybridization was used to compare the accumulation of GFP mRNAs in highly 
GFP-expressing leaves of Nb GFP plants and in completely silenced nonbombarded leaves 
of Nb GFP plants bombarded with 35S-GFP plasmid DNA, high molecular weight GFP 
dsRNA, and double-stranded GFP siRNA. Leaves were harvested for RNA isolation 1 month 
after bombardment. Leaves were chosen that were not present at the time of the 
bombardment, but were completely silent as judged from the absence of GFP fluorescence 
(Silent) or from control plants showing high GFP fluorescence (High). Silencing of systemic 
leaves was correlated with a dramatic decrease in GFP mRNA accumulation. 

The leaves were also assayed for siRNAs, which are a hallmark of silencing. Fractions 
enriched for small RNAs were hybridized with DNA probes representing the 3' and 5' regions 
of GFP mRNA. Small interfering (si) RNAs approximately 21 and 23 nt in length representing 
both regions of GFP mRNA accumulated in systemically silent leaves ob-tained 
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by bombardment with plasmid DNA, dsRNA, and double-stranded siRNA, but not In highly 
expressing leaves. Together, these results confirm that the RNAs tested induce systemic 
silencing at the posttranscriptional level. The 3 1 - and 5'-probes used for RNA-blot 
hybridization do not include the region of GFP mRNA identical in sequence to the siRNA 
used to induce siliencing. This fact indicates that biolistically delivered siRNA induces the de 
novo formation of si RNAs that accumulate in systemically silenced tissues. 

The biolistic approach offers several advantages, such as, the potential effects of viral RNA 
replication, expression of viral RNA-dependent RNA polymerases (RdRPs), transcription of 
delivered DNA, or the delivered DNA itself are excluded. 

The present invention is not to be limited in scope by the specific embodiments described 
which are intended as single illustrations of individual aspects of the invention, and any 
constructs, nucleic acid sequences or transformed plants which are functionally equivalent 
are within the scope of this invention. Indeed, various modifications of the invention in 
addition to those shown herein will become apparent to those skilled in the art from the 
foregoing description and accompanying drawings. Such modifications are intended to fall 
within the scope of the appended claims. 

The present invention is not to be limited in scope by the specific embodiments described 
which are intended as single illustrations of individual aspects of the invention, and any 
constructs, nucleic acid sequences or transformed plants which are functionally equivalent 
are within the scope of this invention. Indeed, various modifications of the invention in 
addition to those shown herein will become apparent to those skilled in the art from the 
foregoing description and accompanying drawings. Such modifications are intended to fall 
within the scope of the appended claims. 

Various patents and references are cited within the present specification, all of which are 
incorporated by reference in their entireties. 
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Table 1 . The Effect of Plasmid and RNA Dose on the Incidence of Silencing 

Amount loaded 

% Silent 



Target plant Material delivered . plants (N) a 

ug fmol 

NtTET^GUS p35S-TET R DNA ~ 0.04 15. 0(24) 

0.2 77. 32 (25) 

1.0 384. 70(17) 

10. 3.9 x10 3 86(15) 

TET R dsRNA 0.008 18. 0(19) 

0.04 93. 6(17) 

0.2 466. 36(14) 

1.0 2.33 X10 3 64(14) 

15. 3.49 x10 4 75(15) 

TET R 23-ntd ds smRNA 0.1 7.75 x10 3 0(24) 

1.0 7.75 x10 4 13(24) 

10. 7.75 x10 s 43(30) 

NbGFP p35S-GFP DNA 0.04 15. 0(32) 

0.2 75. 9(32) 

1.0 373. 38(32) 

5.0 1.86X10 3 56(32) 

GFPdsRNA ~~" 0.04 81. 0(32) 

0.16 326. 28(32) 



0.8 1.63 x10 s 28(32) 

4.0 8.15 X10 3 50(32) 

20. 4.08 x10 4 38(32) 

GFP 23-ntd ds smRNA 0.15 1.16 x10 4 0(15) 

1.5 1.16 X10 5 13(16) 
15. 1.16 X10 6 50(16) 

a Nucleic acids were delivered biolistically and plants scored for incidence of silencing as 
described in Figure 2. 
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What is claimed is: 

1 . A method of inducing expression of a nucleic acid, said method comprising: 

a. providing a first nucleic acid comprising a sequence of interest operably linked 
to a repressible promoter; and 

b. decreasing the level of a repressor acting on said repressible promoter by 
using nucleic acid-mediated silencing of a second nucleic acid, said second 
nucleic acid controlling expression of or encoding said repressor, to a level 
that allows expression of said first nucleic acid. 

2. The method of claim 1 , wherein said second nucleic acid controls expression of said 
repressor. 

3. The method of claim 1 , wherein said second nucleic acid encodes said repressor. 

4. The method of any one of the preceding claims, wherein said repressible promoter is 
functional in a plant cell. 

5. The method of any of claims 1-3, wherein said repressible promoter is functional in a 
mammalian cell. 

6. The method of any one of the preceding claims, wherein said nucleic acid-mediated 
gene silencing takes place in a cell and is mediated by introducing additional copies 
of a transgene into said cell. 

7. The method of any one of the preceding claims, wherein said nucleic acid-mediated 
gene silencing is mediated by double-stranded ribonucleic acid. 

8. The method of claim 7, wherein said double-stranded ribonucleic acid is at least 20 
nucleotides in length. 



9. The method of claim 7, wherein said double-stranded ribonucleic acid is at least 
nucleotides in length. 
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10. The method of any of the preceding claims, wherein said repressor is selected from 
the group consisting of tetracycline repressor, the lacl repressor, Catharanthus 
roseus G-box binding factor 1 , Catharanthus roseus G-box binding factor 2, 
Groucho, Kruepple, KAP-1, NcoR, SMRT, retinoblastoma protein and KRAB domain 
protein. 

11. The method of any one of claims 1-4 or 6-10, wherein said first nucleic acid encodes 
a polypeptide involved in waxy starch, herbicide tolerance, resistance for bacterial, 
fungal, or viral disease, insect resistance, enhanced nutritional quality, improved 
performance in an industrial process, altered reproductive capability, such as male 
sterility or male fertility, yield stability or yield enhancement. 

1 2. The method according to any one of claims 1 -4 or 6-1 1 , wherein said first nucleic 
acid is defined by a nucleotide sequence obtained or derived from a plant. 

13. The method of any of the preceding claims, wherein said first nucleic acid encodes 
an endogenous nucleotide sequece of a target cell. 

14. The method of any one of claims 1-3 or 5-10, wherein said first nucleic acid is a 
therapeutic. 

15. The method of any one of claims 1-10, wherein said first nucleic acid is a marker. 

16. The method of any one of the preceding claims, said method further comprising: 

providing said first nucleic acid in a cell; 

providing an inducible promoter operably linked to the coding sequence of said 
repressor in said cell; 

providing a down-regulatable promoter operably linked to the coding sequence of 

said repressor in said cell; and 

administering an effective amount of inducer to allow expression of said 

repressor. 



17. The method of claim 16, wherein said inducer is a chemical. 
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18. The method of claim 16, wherein said inducer is a pathogen infection. 

19. The method of claim 16, wherein said cell is a plant cell and said inducer is selected 
from the group consisting of heat, light, cold stress, UV light and ozone. 

20. The method of any of claims 16-19, further comprising administering an inhibitor that 
down-reguiates said down-regulatable promoter. 

21 . A plant cell comprising a TET R repressible promoter operably linked to p- 
glucuronidase gene. 

22. A plant comprising the plant cell of claim 22, or progeny or seeds thereof. 
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SEQUENCE LISTING 



<110> Novartis Forschungsstif tung Zweignieder las sung Friedrich Miescher 
Institute for Biomedical Research 

<120> Methods of Inducing Gene Expression 



<130> 1-32168P1/FMI 

10 <140> 

<141> 2001-09-28 

<160> 6 

15 <170> Patentln Ver. 2.1 

<210> 1 

<211> 21 

<212> RNA 

20 <213> Artificial Sequence 

<220> 

<223> Description of Artificial Sequence : oligonucleotide 

25 <400> 1 

ugauaguaug ccgccauuau u 



21 



<210> 2 
30 <211> 22 
<212> RNA 

<213> Artificial Sequence 



40 



<220> 



35 <223> Description of Artificial Sequence : oligonucleotide 



<400> 2 

uaauggcggc auacuaucac ua 



<210> 3 
<211> 21 
<212> RNA 

<213> Artificial Sequence 
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<220> 

<223> Description of Artificial Sequence : oligonucleotide 
5 <400> 3 

agaacggcau caaagccaac u 21 



<210> 4 
10 <211> 22 
<212> RNA 

<213> Artificial Sequence 
<220> 

15 <223> Description of Artificial Sequence : oligonuleotide 
<400> 4 

uuggcuuuga ugccguucuu uu 22 



20 



25 



40 



<210> 5 
<211> 21 
<212> RNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence : oligonucleotide 



<400> 5 

30 uucaccuacg gcgugcagug c 21 



<210> 6 
,<211> 22 
35 <212> RNA 

<213> Artificial Sequence 

<220> 

<223> Description of Artificial Sequence: oligonucleotide 



<400> 6 

acugcacgcc guaggugaag gu 22 



